Zebrafish embryos that had been bathed for 6 hr in a medium containing camptothecin were retarded in development and showed dark tissues, especially in the head; the tail tip was also kinked down ( Figure 1A ). Camptothecin induced a strong increase in apoptosis, Ulrike Langheinrich, 1 Elisabeth Hennen, Gordon Stott, and Gabi Vacun Exelixis Deutschland GmbH Spemannstrasse 35 D-72076 Tü bingen Germany as revealed by the TUNEL assay (terminal-deoxynucleotide-transferase-mediated dUTP-digoxygenin nick-endlabeling staining). Cells, most likely neurons, in the brain, the eye, and the spinal chord were predominantly laSummary beled ( Figure 1E ). In contrast, if p53-deficient embryos, induced by injection of antisense p53 morpholinos, were p53 and its main negative regulator, Mdm2, are key exposed to camptothecin, only a slight growth retardaplayers in mammalian cancer development. Activation tion and kinked tail was observed ( Figure 1B A p53 morpholino at a second turbed, whereas Mdm2 knockdown embryos were sesite induced the same effects as the p53 morpholino verely apoptotic and arrested very early in developused in the experiments described above; invertedment. Double knockdowns showed that p53 deficiency sequence and four-base mismatch p53 morpholinos did rescued Mdm2-deficient embryos completely, similar not induce rescues. Furthermore, in an in vitro transcripto observations in mice. p53 deficiency also markedly tion/translation system the p53 morpholino inhibited decreased DNA damage-induced apoptosis, elicited protein translation from p53 mRNA specifically; no inhiby ultraviolet irradiation or by the anti-cancer combition of translation by four-base mismatch p53 morphopound camptothecin. p21/Waf/Cip-1 appeared to be linos was induced (data not shown). a downstream target of zebrafish p53, as revealed Ultraviolet (UV) irradiation has also been demonrelative p21 mRNA levels determined via TaqMan analstrated to induce an increase in p53 levels in various ysis. In contrast to mammals, zebrafish may regulate mammalian systems, in part because of posttranslap53 activity by using an internal polyA signal site. We tional stabilization of p53 [7]. Similar to the camptothecin conclude that zebrafish represents a promising model exposure, a short exposure to UV caused zebrafish emorganism for future compound-based and genetic bryos to show growth retardation, kinked tails, and a screens and believe that it will help to identify and strong increase of apoptosis a few hours later ( . This finding is supported ies, and therefore we examined if the p53 function is by the fact that, compared to controls, p53-deficient evolutionarily conserved between zebrafish and mamzebrafish embryos exposed to roscovitine were less remals. The efficacy of a variety of cancer therapies in tarded ( Figures 1K and 1L ) and less apoptotic (Figures vivo depends on the ability to induce a p53-mediated 1O and 1P). apoptotic response. The human topoisomerase I inhibiDuring early embryonic development, the p53-defitor camptothecin, for example, is known to create DNA cient embryos could not be distinguished morphologistrand breaks that probably induce repair or apoptosis cally from the control embryos ( Figures 1C and 1D) ; also, mechanisms via p53 [4]. the numbers of apoptotic cells ( Figures 1G and 1H ) and proliferative cells, labeled for phosphorylated histone-H3 (data not shown), were not affected by p53 defi-1 Correspondence: u.langheinrich@exelixis-de.com
ciency. However, the knockdown was functionally ac-E5.5 [12, 13]. Because Mdm2 is a negative regulator of p53 function, the most probable explanation for the tive, as shown by the modified stress responses. Thus, p53 appears to be dispensable for early development observed zebrafish phenotype is that p53 functions were not suppressed in the Mdm2-deficient embryos of zebrafish, a similar result to that obtained with p53 null mice, which also develop normally and only later in and that this led to growth arrest, apoptosis, or both. Upon closer examination of the Mdm2-deficient emdevelopment are prone to spontaneous tumor development [9] . bryos, the TUNEL assay revealed a very strong increase in the number of apoptotic cells, especially in the brain, The proto-oncogene MDM2, which is frequently amplified in human tumors, acts as a potent inhibitor of the eyes, and the spinal chord ( Figures 2L and 2M) , whereas the number of proliferative, phosphorylated p53 transactivation function and has been shown to induce the rapid degradation of p53 through ubiquitin-H3-histone-positive cells was only slightly reduced as compared to controls ( Figures 2P and 2Q amount of the coinjected p53 morpholino resulted in a gradual increase of the phenotypic strength; this increase generated a phenotypic series resembling the phenotypes observed with an increasing grade of Mdm2 deficiency (e.g., Figure 2J ). Acridine orange staining of live embryos indicated that the higher the amount of the coinjected p53 morpholino, the fewer apoptotic cells were visible (Figures 2K, 2O, and 2U) . Thus, absence of p53 rescued Mdm2-deficient zebrafish embryos from growth suppression, apoptosis, and lethality in a concentration-dependent manner. By this rather simple approach, double-injection of two antisense morpholinos, we were able to quickly reproduce data obtained from p53/Mdm2 double knockout mice, which also develop normally and are viable [12, 13]. Thus, as in mice, the primary function of Mdm2 during zebrafish development appears to be the negative regulation of p53 activity.
Several in vivo control experiments have been performed with second-site (six different morpholinos tested) and mismatch Mdm2 morpholinos (e.g., Figures 2D, 2E , 2F, and 2I; see also Supplementary Material). All Mdm2 morpholinos, except the mismatch morpholino, induced phenotypes similar to those described above, and all phenotypes could be rescued by coinjection of the p53 morpholino (the same results were obtained with a second-site p53 morpholino). Injection of invertedsequence and four-base mismatch p53 morpholinos, respectively, did not induce a rescue of Mdm2-deficient embryos. Furthermore, in an in vitro transcription/translation system the potency and specificity of the Mdm2 morpholinos have been tested. The Mdm2 morpholino inhibited protein translation of Mdm2 mRNA specifically; no inhibition of translation by five-base mismatch Mdm2 morpholinos was induced (data not shown).
Because we did not try to rescue the Mdm2-deficient embryos by injection of Mdm2 mRNA, we cannot exclude the possibility that the Mdm2 morpholinos induced additional or even solely unspecific effects. In this case, the observed phenotypes would not result from a knockdown of the Mdm2 protein but might be 
